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THERMODYNAMIC CALCULATIONS OF CARBON MONOXIDE - AIR

DETONATION PARAMETERS FOR INITIAL PRESSURES

FROM 1 TO lO0 ATMOSPHERES

By Loren E. Bollinger* and Rudolph Edse**

SUMMARY

The composition, temperature, pressure and density behind a stable

detonation wave and its propagation rate have been calculated for five

mixtures of carbon monoxide and air at i, 5, 25 and I00 atmospheres

initial pressure, and at an initial temperature of 313.16°K. The results

of these calculations show that the detonation velocities of stoichio-

metric carbon monoxide - air mixtures increase with increasing ini-

tial pressure whereas those of very rich and very lean mixtures are

independent of the initial pressure.

The pressure ratios across the wave and the temperatures behind the

wave increase with increasing pressure for near-stoichiometric mixtures,

but they are unaffected by pressure for rather rich and lean mixtures.

INTRODUCTION

Complete thermodynamic and chemical equilibrium is assumed to exist

behind the detonation wave. Dissipating effects such as heat transfer,

viscosity, diffusion, and chemical reaction rates have been disregarded
since it was not intended to determine the structure of the wave. Details

of the method used for calculating the detonation parameters were pub-
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lished previously (ref. i), and calculations for various hydrogen-oxygen
mixtures over the samerange of initial pressures can be found in
reference 2.

The detonation parameters have been derived from the Hugoniot
equation for the reacted gas mixture in equilibrium, and from the Chap-
man-Jouguet condition that the detonation velocity is the minimumwave
velocity. Therefore, the results are based on the Chapman-Jouguet
point at which the velocity of the reacted gas (relative to the detona-
tion wave) is equal to the equilibrium sonic speed (ref. 3).

Besides being of fundamental interest, the theoretical detonation
parameters, particularly the detonation velocity, is of importance in
the study of the formation of detonation waves. These values are used
to determine the detonation induction distance. Results from these
experiments will be published separately.

SYMBOLS

%

AE
o

ha

T a

Hf i

sonic velocity in gas entering shock wave

heat of reaction at absolute zero temperature

absolute enthalpy of gas mixture per unit mass leaving

shock wave

absolute enthalpy of gas mixture per unit mass entering

shock wave

heat of formation of species i at temperature T a formed

from elements, making species i, in the standard state

(p = 1 atm, T = 298.16 OK)

heat of formation of species i at temperature Tb formed

from elements_ making species i, in the standard state

(p = 1 atm, T = 298.16 OK)
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t A.f)%tI_T .
1

K
J

%

MD

%

ni ,b

Nk

Pa

Pa, D

Pa,N.S.

dimensionless heat of formation of species i at temperature

T formed from elements_ making species i, at standard

state (p = 1 atm, T = 298.16 OK)

dimensionless heat of formation of species i at Ta formed

from the elements, making species i, at standard state

(p = 1 atm, T = 298.16 °K)

dimensionless heat of formation of species i at Tb formed

from elements, making species i, at standard state

(p = 1 atm, T = 298.1g OK)

equilibrium constant of reaction j based on partial pressures

Mach number of gas mixture entering shock wave

UD
Mach number of stable detonation wave. MD =

%

mole number of gas mixture 3 per unit mass of mixture_ entering

shock wave

mole number of species i, per unit mass of mixture, entering

shock wave

total mole number of element k in unit mass of mixture

absolute pressure of gas behind shock wave

absolute pressure of gas behind stable detonation wave

absolute pressure of gas behind normal shock wave without

chemical reactions



P.

l_a

Pb

Pimp

T
a

T
a_D

%

AT

U
a

%

%

Ua,D

v

7b

Pa,D

Pb

absolute partial pressure of species i behind shock _ve

absolute pressure of gas entering shock wave

absolute impact pressure of detonation wave

total quantity of element k, in atomic state, in reacted

@T
mixture in terms of pressure units. _ = Nk _____a

va
universal gas constant

absolute temperature of gas behind shock wave

absolute temperature of gas behind detonation wave

absolute temperature of gas behind normal shock wave

without chemical reactions

absolute temperature of gas entering shock wave

temperature difference between estimated temperatures

linear velocity of gas leaving detonation or shock _ve

linear velocity of gas entering shock wave

linear velocity of detonation wave relative to unreacted gas

linear velocity of detonation wave relative to reacted gas

specific volume, v =
P

isentropic coefficient (ratio of specific heats) of unreacted

gas mixture

density of gas mixture behind detonation wave

density of gas mixture entering shock wave



METHODOFCALCULATION

Instead of referring the reader to earlier papers on this subject,
a brief presentation of the procedure used to calculate the detonation
parameters of carbon monoxide - air mixtures is given here.

It has been assumedthat only C02, CO, 02, 0, N2 and NOoccur to
an appreciable extent in the detonation wave of carbon monoxide - air
(0.79 mole N2 plus 0.21 mole 02) mixtures ranging in fuel concentration
from lO per cent COto 50 per cent CO. The presence of atomic nitrogen,
higher oxides of nitrogen, free carbon, and electrically charged species
has been ignored because of the extremely low concentrations found for
these species in the mixtures considered during the present study. Thus
the composition of the detonated gas is governed by the following six
equations:

pco
Pco 2 = KC02

(c%_ co+ i j = co2) (I)

PO
=K

02
1%_o j( _- = 02) (2)

PNO

_o2 . p%-, = _o

1 1
(_ _2 + _ %_---n0 J = NO) (3)

2 Pc02 + PC O + 2 po 2 + PO + PNO

PCO 2 + PCO

o _'o
-P _c

C

(4)



2 +

PN2 PNO _ _N NN

_co_+_c0 _c _c

PC0 2 + PC O ÷ + PO + + = Z = pPO2 PN2 PNO Pi, a a

For a temperature, Ta, in the vicinity of the expected detonation

temperature and for an arbitrarily assumed value of p02 the partial

pressure of molecular nitrogen can be calculated by using equations (1)

through (5).

NO - NC +' _

KCO2

+

4

(NO -2 _c)

2
KC02

NO - _c +'V_°2 (_o - 2 NC

_0 2

+

2

i

NN 1 KC02

NO "N C +

Kco2
(NO - 2 Nc)

1

2

(6)

(7)



The remaining partial pressures follow easily. From equation (2)

p0 = _ . K02. From equatlon (3)PNo =_P02. pN21 " KNO" From

equations (5) and (1)

2 PN2 + PNO

_CC i KC02

And from equation (i)

p =p_
C02 CO K

CO 2

For these partial pressures and with the first estimate of the detona-

tion temperature we obtain from the Hugoniot equation

NC Ta

i _ r. Pica

\ Pb (T Pb NC_ _ Pc
+

(8a)
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i +

i +

Nc (),
_C Z Pi,a A Hf .l

- Z ni, b _ H i

i (Ta Pb NC )
..... + 1

2 nb _Tb -_b nb _C

Z _A Hf_ Ta _ iTb1

2 Ta• Nc• _ Pl,a\@TA -z _ _ Hf

(8b)

Ta NC Pb
+ 1

and from equation (6) we also obtain a value for this pressure ratio

+ + + PO +Z Pi,a PCO 2 PCO PO 2 + PN 2 PNO

Pb Pb

(6)

If the pressure ratios derived from equation (8b) and equation (6)

differ, the calculations must be repeated with a new value of po2

for the same value of T until agreement is obtained. These
a,1



calculations are carried out for three values of Ta (Ta, I < Ta,2 < Ta,3).
The three corresponding Machnumbers (multiplied by the specific heat
ratio yb) are calculated from the relationship

Pica _ i

%2 2 %
= 7 b _ =

T Na c %
(9)

The Math number of the stable detonation wave is obtained by locating

the minimum of the parabola which can be drawn when the three 7b Mb 2

values are plotted versus the three assumed Ta values. To obtain

maximum accuracy with this interpolation method, the temperatures

Ta,1, Ta, 2 and Ta __ must be selected in such a fashion that

2 2

(Tb Mb )1 > (Tb _ ) < (7b _, 2)
2 3

(lO)

If egual temperature intervals between the three assumed temperatures

are chosen so that

i

Ta,3 " Ta,2 = Ta,2 " Ta,l - 2 (Ta,3 " Ta,l) = AT
(ll)



the parabolic interpolation method leads to

% _2 = (% %2)2_ (12)

Then, according to equation (9), the detonation velocity becomes

2 %(p,,UD 7bM "D
(13)

For the temperature behind the detonation wave, the interpolation

yields

AT [(Yb %2)i " (7b Mb2)21

_T

Ta, D = Ta, 1 + _-+
(14)

Finally, values of Pa,D and Pa,D are obtained by linear interpolation

between the respective values calculated for the three temperatures

chosen. If the temperature intervals, AT, are sufficiently small

(e.g., 10oK), the error due to this linear interpolation is negli-

gible.

The impact pressures are calculated according to the relation-

ship

Pimp : Pa,D " Pb + Pa,D (UD " --Ua,D)2
Pb

(Pa,D " Pb ) (15)
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The pressure and temperature behind the normal shock which forms
the front of the detonation wave have been calculated on the basis that
no chemical reactions occur in the shock zone and that the vibrational
degrees of freedom in the molecules of the initial gas are inactive.
Thus the usual equations employing constant specific heats could be used
for calculating the conditions behind the normal shock propagating at
the samerate as the detonation velocity.

DISCUSSIONOFRESULTS

The results of the calculations are compiled in tables 1 through
5 and they are depicted graphically in figures 1 through 6. Values
of the equilibrium constants used for the calculations are given in
table 6 and the dimensionless heats of formation are listed in table
7. Both thermodynamic functions have been tabulated only for large
temperature intervals to save space. These data represent carefully
checked and, in someinstances, recalculated values of the statistical
calculations of several authors (refs. 5-14). A method to correct old
values with respect to new data on atomic and molecular constants has
been described in reference 15. Values for 10°K intervals were obtained
by interpolation.

From figure 1 it can be seen that the detonation velocity increases
only slightly when the initial gas pressure of the combustible mixture
is raised. For example, consider a carbon monoxide - air mixture
containing 29.6 per cent carbon monoxide. For this mixture the deto-
nation velocity increases only from 1668 m/sec to 1744 m/sac for a
rise in the initial pressure from 1 to 100 atmospheres. The maximum
of the curves depicting the velocity as a function of the initial gas
composition occurs in the region of rich mixtures at low initial
pressures. As the initial pressure is increased the maximaof these
curves approach the stoichiometric fuel concentration because at the
higher pressures less dissociation occurs in the reacted gas of the
wave. In the case of carbon monoxide - air mixtures the sonic speed
in the initial gas is practically independent of its composition.
However, in hydrogen-oxygen mixtures the sonic speed increases rather
markedly when the concentration of hydrogen is increased. Therefore,
the maximumdetonation velocity of hydrogen-oxygen mixtures (ref. 2)
occurs in rather rich mixtures even at very high pressures. The
small reduction of the degree of dissociation in this range of fuel

concentrations is not as effective as the increase in the speed of

ll



sound in the initial gas mixture. As a result of this condition the
maximumof the curves representing the detonation velocity as a
function of the hydrogen concentration for hydrogen-oxygen mixtures
shifts only very slightly towards the stoichiometric fuel concen-
tration as the initial gas pressure is increased (see fig. 3, ref. 2).

That the detonation velocity of a combustible gas mixture is propor-

tional to the speed of sound in the unburned gas is indicated by
equation (13).

Figure 2 illustrates the effect of initial pressure on the

pressure ratio across the detonation wave. For a mixture containing

29.6 per cent carbon monoxide, this ratio increases by about lO per

cent when the pressure of the initial gas is increased from 1 to lO0

atmospheres. Following the behavior of the detonation velocity, the

pressure ratio as a function of the fuel concentration also has a

maximum in the region where the mixtures are rich in fuel and, with

increasing initial pressure, this maximum also moves toward the

stoichiometric fuel concentration. According to these calculations,

the pressure behind the detonation wave of carbon monoxide - air

mixtures is only 20 per cent lower than that of hydrogen-oxygen

mixtures having the same equivalence ratio. The pressure ratios

across the normal shock preceding the detonation wave, figure 6,

are approximately 80 per cent greater than the detonation pressure
ratios.

The curves representing the gas temperature behind the detonation,

figure 3, are quite similar in shape to those depicting the detonation

velocity, figure 1. When the initial pressure is increased from 1 to

lOO atmospheres, the detonation wave temperature of a mixture containing

29.6 per cent carbon monoxide increases from 2864°K to 3173°K. This

temperature increment amounts to almost ll per cent of the lower

temperature. Again, at the lower initial pressures the maximum temper-

ature is produced by rather fuel-rich mixtures and this maximum

approaches the stoichiometric fuel concentration as the initial

pressure is raised. The temperature behind the normal shock preceding

the detonation wave, figure 5, is approximately 45 per cent lower than

the temperature in the fully detonated gas.

The mole fractions of the various species occurring in the deto-

nation wave are graphically represented in figures 7 through lO for

each of the four initial pressures of l, 5, 25 and lO0 atmospheres.
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These curves demonstrate clearly the well-known fact that the degree
of dissociation is less at the higher pressures whereas the absolute
concentration of free radicals increases with increasing pressure.
As anticipated_ the mole fraction of molecular oxygen decreases with
increasing carbon monoxide content in the mixtures. However_the
mole fraction of atomic oxygen attains a maximumin nearly stoichi-
ometric mixtures.

The precision of the calculations is about equal to the accuracy
of the thermodynamicdata used. Becauseof the somewhatlarge temper-
ature intervals used in the present calculations_ the estimated
precision attained is about 0.I per cent of the value of the calcu-
lated parameters.

CONCLUSIONS

Although the present method of calculating detonation parameters
is intended primarily for use with desk calculators, it is too slow
whenvery manycalculations are to be made. However, the method can
be adapted for electronic computing machines quite easily.

The detonation parameters of carbon monoxide - air mixtures are
affected less by changes in the initial pressure than those of
corresponding hydrogen-oxygen mixtures because of the lower degree
of dissociation of the former.

The Ohio State University
Rocket Research Laboratory
Columbusi0, Ohio May 15, 1962

This investigatffon was conducted under Crent N_G-44-60at
The Ohio State University under the spous_rship and with the
fiuanc%al assistance of the Nat_on_. &e_onautffcsand Space
Admffnistrat_on.
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TABLE 6

EQUILIBRIUM COifSTA_FfS

T

oK

15oo

2000

25oo

3ooo

35oo

4ooo

45oo

5ooo

uu 2

Atm.

-6
4.843 x i0

-3
1.310 x i0

-2
3.627 x i0

-i
3.242 x i0

1.517

4.759

11.43

22 -77

KO 2

Atm.

-6
4.628 x io

-4
7.374 x i0

-2
1.564 x i0

-i
1.205 x i0

-i
5.198 x i0

1.559

3.664

7.271

Atm.

-3
3.087 x i0

-2
1.920 x I0

-2
5.744 x I0

-1
1.190 x l0

-i
1.997 x I0

-i
2.941 x i0

-i
3.957 x i0

-i
4.998 x i0

bE o = 66,767 ca!/mo!e CO2

bE = 58,532 caZ/mole 02
O

bE = 21,600 cal/mo!e r'TO
O
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